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THF USk OF LASERS FOk ACCELERATOR DTAGRNSTICS:
I. FELEMENTARY CONCEPTS

J. P. Aldridge and T. D. Haywnrd

Los Alamos Scientifie lLaboratory
Loz Alamos, NM 87545

The coming development of high current linecar accelerators for ™ ions
requires improvement in diagnostic instrumentation that will permit accurate
determination of the occupied phase spacte. We propose to uso a laser photo-
detachment method to provide this new cupability.

The use of a laser for measuring cmittance growth in particle accel-
erators is based on producing a neutral species from the particle being acenl-
erated. In this way the influence of the accelerator's eloctrie and magnetic
Tields and Lre space charge effects of the remaining beam on the particle tra-
Jewtory ceacss at the point of production. Thus, it is possible to probie the
benm confipuration at points normally inaccessible to dlagnostic instruments
such a3 in the accelcration gap of a linac or within a drift tube. The only
perturbation introduced by the use of such a diagnostic is that produced by
the small hole required to introduce the light into the cavity.

In this paper, we explore the fundazmental processas that are operative
anu consider limitations to the accuracy of measurements using this diag-
nostic. Questions to be addressed subsequently include the experimental ar-
rangement required to reconstruct the dctailed beam profile from the measure-

ments at sevceral angles.



BASTC PROCESSHS FOR I _DIAGHOSTICS

The Nd:YAG laser produces a photon of energy 1.16 ¢V (A = 1,060l um) thnat
is sufficient to removi the extra electron from H-. The H™ binding cnergy
is 0.75 eV.1 This laser can be mode-locked to produce pulses as short a5
25 ps. (A morc normal configurztion i3 a pulsed [Q-swiltched] laser that hzs a
20 ns pulse that can be controlled with approximately nanosecond jitter.) The
mode locking process 1s carricd out with a mode locking dye in the laser cav-
ity so that therc is no control over the time the train of pulses begins.
This menns that the light pulse itself must be used as a trigper for sub-
sequent events. Amonpg such events are switching a sinpgle pulse ont of the
train, trigecring fast deteelion clectronien such as a streak camera, and
eslablishing the relationship of the light pulse with respect to the linac
beam micropulse. The laser we are using is a commercial laser made by Quantel
International and will produce pulses at 10 puldses per sezond with pulse ener-
gles up to 30 nd per pulse.

The cross scction (o) for photodctachment as a function of wavelength is
illustrated in Fig. 1 (Ref. 2). The Nd:YAG wavelength corresponds to the

lower side of the peak. The cross section value is about U4 x 10-17 cm2

The fraction, f, of H aloms photodctached in a single laser pulse is re-

lated to the laser fluence (in photons/cmzlpulse) $, by
f =1 - exp(- gd) (1)

The assumption involved in deriving this equation, that the laser intensity

does not changc appreciably, is well satisfied for this case. A convenient
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characterization is the lazer flucnce required to remove half the particles,

This is given by

4. = hna/o @
or 1.73 x 1016 photons per puloe per cm?. Using the formila that the
photon enerpgy El(eV) = 1.239%/) (um), this translotes to an energy fluence of
3.23 mJ/cmZ/puluc. Thus the laser is, in principle, capable of removing all
of the H ions in a 1 cm2 arca, a size sufficient for most accelerator
gaps. However, we alzso would like to spatially define che particlie becam by
focusing the laser to a 100 ym (0.1 mm) diameter. (This is possible with a 39
cm foeal length lens, a convenient distance from the accelerator azis.) The
peam arca is then reduced to 8 x 10-5 cm2 with the conzequence that the
pulsce enerpy needs only 0.25 UJ per pulse for 50% cetachment, This drarztic
overkill faztnr permits considerable experimental flexibility by reflection.
We will zlaborate below.

Since there is excess enerpgy in the detachment process in spectral re-
gions where the nross section is large, the recoil momentum of the hydrogen
atom will introduce an angular spread in the detected particle distribution.
Because the direction of the photodetached electron in the cm system is raa-
dom, this reprcsents a spread in the momentum distribution that is a lower
limit to the H spread that can be detected. Figure 2 shows a velocity dia-

gram for the photodetachment process.



Fig. 2.

Velocity dlagram for photodetachment
or photodissociation: m, represents the
light particle and m, répresents the
heavy particle. )



The photon momentum is totally neglipible. This leads to

m.,v, = m.v (3)

and

1 1 '
2 MYy * 3 My = By oton T Ediss = OF (4)

Thus the maximum trariverse mcmentum of the H atom is
. ; 1/2
H.mz hE

Pp = mv, = | 75 r—n—z/m.!

(5)

ar.l an anpular spread is

For H , partinie 1 is an eluctron and particle 2 is the H atom. Thua

0% 1.8 uradians/\/E(MeV)- (6)

This curve is plotted as Fig. 3. Althouch this result does not include rela-
tivistic effects, there should be only minor differences when these are in-
cluded. For the measurcments near the input of our test stand linac

(E = 0.250 MeV) the lower limit of angular divergence we can expect. to measure
is about 30 pradians.

The fundamental physilics of the diagnos.’c is extremely simple and means
that attention to development work can be directed toward areas »>f detection
and interpretation. These problems are very similar to those encountered with
other more conventional form: of diagnostic apparatus such as wire scanners or

harps.



|

6 %14.8 rad /. /E (MeV)

Fig., 3. Argular spread (half angle) introduced
by the photodetaciiment process as a
function ol H enerygy.

——— L

2 3 4 5 6

r= /r»a_\an©




-8-

TABLFE T
APPROY1MATr DISSOCIATION ENERGIES FOR H; > H 4+ H

(From Raf, 3 for 1308 - 2pUu Transitinn)

Approximate Vertical* ) AE#® Relative Intensity
Level Dissociation_Energy(eV) A(A) (eV) From Arc Source

ground state 10.54 1175 7.89 0.38
(v = 0)

vz 8.62 1440 5.97 0.83
v=2 7.20 1720 4,55 1.00
v=3 5.34 2320 2.69 0.90
vzl 4.32 2870 1.67 0.71
v=>5 3.15 3935 0.50 0.46

*

These values were rcad from Fig. 4 and thus must be regarded as approxi-
mate. The abscrption spectra will be broad so that the energy given will
be near the center of a wide distribution.

#%  Ground state dissociation energy = 2.6481 eV (Ref. 5).

An interesting aside is thatv it is possible to use the laser to detect

H; surrogates for D*. The energy diagram is shown in Fig. 4. Due to

the Franck~Condon principle that tne optical transition must be vertical, the

+
2

conveniently available technology for high powered lasers (10.5 eV laser

energy required to photodissociate the H, is about 11.6 eV, well beyond
photons have been produced by Harris, et alu by frequency tripling in metal
vapors). However, for vibrationally excited H;, the encrgy required

drops renidly with vibrational quantum number. The distribution over vlbra-

; produced in an arc is also included in Fig. 4 (see

tional states for H
also Table I). There appears then to be enough population in the excited
states to be photodissoclated by a visible or near uv laser.

Since the two fragments are now nearly equal in mass, the excess energy
is nearly equally divided and the spread becomes 0 N [AE/E]1/2. This rela-

tion for various excited levels is presented in Fig. 5.
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Angular Dispersion Introduced To HO
From Photodissociation Of H;
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Fig. 5. Angular dispersion fropm the
photodissociation of HZ'
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MEASUREMENTS OF TRANSVFRSE PHASE_SPACE

Tne use of the laser diagnostic is to make detailced beam emnittance
measurements in an rf linac to evaluate source:s of this growth. These de-
tailed mensurements can be used to calibrate computer coder to extirapolate to
other conditions. The design of a high current linac depenids on an ability to
explore parametric variations reliably previous to the final eonstruction of a
full device.

The measuremen! of the phase space for an accelerator beam requires
determination of the six variables x,x', y,y', 2z,2, simultareously (here f'
denotes df/dz = f/z where T denotes df/dt). Normally the quantities measured
are projections coordinate axes or pairs of variables (x,x'), (y.y"), (z,2) or
(w,9).

The initial measuvrements using the laser are simply *o measure these

projectiscnz for the transverse directions x and y. For the y direction, the
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xis lies along the x direction. The laser beam produces a neutral
beam at y = Yo with a width of about 0.1 mm. Because of the transverae
velocity & the particle strikes a screcn at a point Yo = ¥ * &L/&, where
L is the flight path length and % is the longitudinal speed of the partinles
at the neutralization poil.t. Measurement of the position at which the parti-
cles strike the detector then allow determination of Lhe y' values from the
known Yoo é, and L values. The procedures for the (x,x') phasc space
measurements are identical with the laser axis rotated by 90° in the trans-
verse plane.

Immediate questions are what range of y' values aire expected and what
distances are required to measure the phase space distributions occurately?
The latter question is also related to limitations imposed by apertures of

subsequent accelerator structures.



Wee zivames Ve phobecebichent, proeenn prosbicen oo tead Fgdeosen ot

Lial deaf b fror Lhe preostoebion plans teo Ly dobeet s ot 2 a b ha bt
Fijre ho Tre proclueliorn ;1 oane may llﬁ_bnhwnnn Arifl Luhen oo Shedn or diteln
Luc drift tube,  For acecnos Lo Lhe deif't bube sntoerior, o kole Lhe wi-lL) <7
Liee besen levsir ny 0.1 min o wieke will renzd to bee allowed in the g (0L tehe wnll,

The: Tacor ouvral Qs a single pelie of 25 Lo B0 po tiee: lerpgthe Inompnee
the 1ensth of Lae pulae is 075 Lo 0.9 em. The: 2% ps o puloe 1ength for Lhe
laner in necded only Lo produce Lhe remteal beien in oo waell defined reesion of
space. Oyur the range of cneepics 0,25 to 7 MeY (5 = 0,024 Lo 0.122) 5% e
reprcnunt# motion of Lhe H- besm by only 0,17 to 0.92 pnm in the .ongilndie:l
direction. Thit i3 the limiting spatial resolulion that, esn bLe achicved in
the longituldinal dircection sinee Lhe inser can be ecasily focuned below 6. mn
diame:ter for & distincee (waint) of 7.4 mm.6 For an anceptancse phace of
NOO, the 25 o Lise provides aboub 10 samspling position: within Lhe boom
nicropul e (o 550 MHz froquency corresponds to 2,27 npe belueen mieropulse:).,

The size of the produsclion region in the waist size in Lhe: Lronnversa
plane. Fipure 7T shows the production geomctry. The distaner from Lhe
geometrical conbLerline Lo the laser beam center (y) is known from Lhe posi-
tioning of the laser beam. A reasonable crror for a relalive position meanure-
ment is 3 um. The data is the distribution of particles (illustrated by h in
Fig. 7) on the scintillation sercen.

The initial problem is then te invert the particle distribution at
z, *+ L. to establich the transversc velocity dislribution ¢t Zige The first

observation we wlll make 1s that the distribution obaerved downstream from a

line source is unique. Figure 8 illustrates this case by showing the physical
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molions in Lhee unper pnrt of the figures oo Lhe phase space behavior in Lhe
lower part..  The choerved data dintreibution h oat zo + L is prelated to the

velocity distributlion g at % by
' ]
g(yo, Ao) = L h(y-yo, 4°+L) 7)

He remark Lhat Yo and 1. arce known from the aceelerator alignment anc
the laser beam pozitioning deviens,  Beeguse the drift transformation 15 a
shear along the y axin of the phase space volume at conslant densiLy,7 tre
resolution of the determinalion of the phase space at zo is limited by fi-
nite beam size but Lhe determination remalns unique.

For the injector outpul, the diverpgence anpgle in expuected to be about
380 urad.a I thee beam diameler i 3 mm, the beam edpe profile will be
3

Y pax (em) = 1.5 + 0.38 x 10°

ma z(mm). For cxample, if the accelerator is

60 ¢m lonz, bLhe diameler of the last drifl tube bore chould be 3.5 mn, If we
assume sensitivity of 10 1/mm for the detector and a clear drift repglon of
2.5 m past the accelerator, the angular divergence meanurable is 40 purad or
about 10% of the expected divergence. Thin implies that changea in phase
space volume of about 10% are observable.

These calculations are applieable for a good quality beam. If we assuma
a 3 mm diameter beam and an 8 mm diamnter bore tube the limits of the detcct-
able phase spacc growth can be cvaluated by assuming small beam diameter
growth. The results of such a calculation are given in Fig. 9.

Since the manifestations of certain types of early phase space growth can

be expected to occur later in the acceleration processg'1° the problem of

extracting the neutrals from the accelerator becomes even less important.
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LONGVTIE WAL FIASE SERCE MELSLREN,

T Adeteprpinngtion of Lhe phas s npace Cor L soectorat oo dieent e n r e
sists of measurencnt of Lhe Lean eneppy apresd KW oas oo funntion of pheoe
o ot). Praectically, thersfope, toe loner prodaces i nentesl speaioen ol g
known phasiee of Lhe rf ficld and Lhe cnerpry cpread of Vb nouteal opecies in
measured,  The simpdest method of delbection in Lo une Lito-of-f'light, (798 on
the neulealsne A more accarate method is a mapnetic or clectrostabic gnslyzer
of charged puarticles (1) producaed by stripping the neatraln followin:
mapnelic doeflection of the H besm (ef Fipo 6). In this neehion we prooent
resultn for limilations on the azouracy for coact o Lheoe molnods.

The: TOF mathod ohbeyn the ogquation
Av/v = AL/t 5 L= vt ()

licre I in the flipght pabth lenpgth and AL in Lhe time recsolulion,  Thus,

Ap/p =(At/L

Pl
)\’ T (9)

For At = 2 n and I. = 10 m, Lhis equation beaoomns

Ap/p = 2,71 x 1073 \[E(KeV) (10)

This is plohtted in Fig. 10 as the lowest limit of the detection mothod. The
time resolution of 2 ns surpasses currently available fant detector

electronics, and 10 m 1s probably a maximun reasonable flight path length.
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BEAM MOMENTUM ANALYSIS
PARAMETERS

C [\JOm TOF, 't = 2ns
i _
i —-MAX. ANALYZER
// ACCEPTANCE
107 / —
g 0.5m, 127°,/ :
Z ELECTROSTAT!C 1 i
— 100KV /cm —
L LIMIT :
p - e -
./"/ r/ /...,' 7
e s . ’,/"*’ES MILL
ol Vo DETECTOR  _|
LA RESOLUTION 3
K LIMIT N
STRIPPING 7
MOMENTUM i
- SPREAD -
w0 1 ). 1 1
10 O I 2 3 4
E(MeV)
Fig. 10. Limitatlons for momentum spread measurcments using

various methods of measurcments.
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Fer higtine porainlion, @i Lie e elaaienotatlis aoalyzae i e grecly
The beal resolubion obbainable ailh Lhis melha?d o liniteed by the cbeipnoe
1
proec: . h previoun aspersimenst ho nhodn thal Lre eanrpy ekange of L
syslom in enly Lhe binding encrpy of She bydeogen alom and the veloaity ovoanrs.

+ . ;
of the [ iz only that nended Lo conserve eneepy and pomentasn, Tn the 1

frame, Lhe zpread in eneepy 15 Lhas

AE R+ 2 < E D (1)

where mc/.'np = 1/183% i the mass ratio for the electron and proton 90 in
the hydroicn atom kinelic cnerpy and B = 13.6 ¢V, Lhe: binding energy of Lhe

hydrogen alor:,

AP _ 1o =
p ’ (¢}

-, —
I‘ Jl '-
x 10 /7 ,, l.o(l_r_V) (12)

For ey!indrienl analyzers, focus i obtained al 1?'{n of flight

p:xt'.h.12'13

This means a divergent, monochromatic source obtaing minimun
size and thus hi-hest resolution.  For accuracy in energy determinition, we
suggest an electroatatic analyzer as the preferable deviee for this repgion of
resolution. Rensonable n'ze supsests abont 0.5 m rading and maximnm fields of
100 kV/cm leading to the indicated area in Fig. 10 where this method is
appl.icable.

These methods should cover the region of interc:it for accelerators. We
anticipate that TOF will meet many needs for analysis, particularly at lower

energles, wherc effects of devices nuch as bunchers and acceleratlon voltage

variationz will be most Influential on beam encrgy spread.



Wi note vt Q0 thee e nability for froeing b the d-teoetoe 1o pebtaine!

whoen b Slme dimendoross o pnevieed,) Che Aot pelven s Mmoo T T Ty
znd Lranvvers.. phane spoen informal.ion.
DEIECTION OF TIF NEUIRAL_SPECIES

Th-: rate of deleclinn of the: noutral poarticles fo imited by Lhe peoponse

of detector:, Seintil l:.".r)p_-,-1u 10

limiY respone - Lo slowe:r Lhan about 1) ono
duc to their lifetimes of a few nanoscecondi (See Table Ti). S5015d et . Qe
teetors are cven slewer, Dircetl production of charpged porbicles ol oqoa -0l
surface ean producce 1 to 72 na puls-a == a limit fmposed by malbiplior tim.
Aisperaion —- but ppatinl resolubtion is not retained for normal particl. oml-
Lipliers.

Thun, althoupgh snophistioantsyg production configuralions are poosible,
threne dotenstiog TinitoLions appesr to Timit {hoie uoefidnesn, An 11 Tustentive
cxamn! o of oo on technique in piven,  Measnramont of phone space b-havior
bilwaen suaccssive micropulsoes eould be of uitility. The photoprodustion of
neutrals from suceessive micropulses in eanily accomplished using a madltipansa
cell sct to place the lipnt pulse from the laser al controlled points on sue-
cesiive micropulnes by time-of-flight delay of the photons. An oplienl delay
line c211 componiied of two spherical mlrrors does this very effectively.  Such
cells have been used at LASL to reflect a He Ne laser up to 60 time:s an! at
Sandia Lnboratnricﬂ17 to reflect dye laser light. up to 100 times thronsh the
same focal spot. Since mirrors for 1.064 jua are available with greater; Lhon
99% reflectivity, 470 reflectiona are possible before reflection lotnses reduce
the intensity to a level where the H- photodetachment ceases to be complate
(a 1.75 UJ per pulsne leavas ouly 0.B% of the origlnal H™ ions). Practically
then the limit to the number of passes is thc cell geoometry, not mirror rec-

flectivity.
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The ronsur-zent of prase spacs for Lhe snuos H pulne ean roveal tise or
prasic deperdrnt phononens,  Sueh pullzes onn Le pfencesled ausines an eohelle or
thin Fila interforenee (Lursmor=Gerke plate) to peneratoe pulooes :pntin?ly1
(and Lhus temporally) separate.  When these are shows on the heam, the pul ses
remove H ions in a machine Fun faushion illustrsted in Fipe 110 Obsarvation
of th: pulnos from thede spotially separate besms dooes nobl reguire time
resolnlion. By arranging the path differcenecs: for the light beams saitably,
this method ean be used to examine several peinte in different H bean
miecropulses as well.

A method for converting =po*.al infermat.ien Lo Lime invelves the use of
fiber optica to provide tho time delay. Sinee the index of refraction of the
fiber: in about 1.5, thare is about N.5 ns delay per meter of cable. Thus
light. observed by each fiber ean be delayed to form a time depcndent sipgnal on
a high gain deviee such as a photomultipiier tube by reasonable lengilhs of

cable. Crne mifnht also unse the fiber as Lhe seintillator and make a fiber

ELECTRIC F1ELD LETFRMINATIONS

The TOF apparatus allows detcomination of electric fields in the gaps.

For our accelerntor the rap to cell length is approximately 5. The electric
ficlds in the gap ean he expectnd to range from approximately 15 to 40 MV/m.
For a 0.1 mm beam, the beam spread will correspondingly be 1.5 to 4 keV aue to
electric field variations acroiss the laser bcam spot. At 250 kV near the low
enerygy end of Lthe accelcrator AE/E G 17250 or AT N 1 keV. (The electrostatie
analyzer has much better resolution, of course.) Thus the eleclric ficld can
be mapped Witk a resolutinn comparable to or belter than about 2% by varying
the laser position in the pap and observing the time-of-flight. The ion beam
energy or ion beam sprcad gives local variation while the TOF variation gives

the value of the electriec field when the laser was fired.
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Fig., 11. Illumination of separate parts of a single beam
micropulse by multipie laser pulses.



Sinee the variation of the eleetric ficl:d should decreasn an spac:
charpe inere:nns due to nonpenctration of the accolerting Ficld into trne ion
bieamn, somz information aboul fielrds within the icon heam plasma shonld be
available fromn the measurements of lon energy sprend as o functlon of bean
curroent.,

Since nonlinear optical proceuses are ¢fficient (10 to 30%) methodz of
wavelenglh conversions at the high perk powers aivailobhle from the picoscoond
lasers, frequency doubled {550 nm), *ripled (354 nm), or gquadrunled (265 nn)
light at high intenalty is available. The phaton energy 21 266 nm is W.64 eV,
higher than the work function of copper (4 Lo 4.5 eV). Thus eleetrons mazy b~
loeally produced (v 25 yum diameter spots) on Lhe eleetrodes and used to
reasure electric fields by exanlning the x-ray end point en-:rgy produced by

their {m-nzat Witk the opposite drift cube.

We have prescnted considcrations for a laser based diagnosties for

accelerator parameter measurement. Our expectationr are

1. The physics of the diagnostic are sufficiently simple that more
sophistiented methods of analysis than are currently used arc not
necded to understand the results.

2. Becausc the particles are neutral following photodetachment, space
charge and electromagnetic field effects cease at the measuring point
and results are not distorted by post production phenomen:. These
would occur for use of convantional diagnostics with high

currents.18'19
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